Verkerk P.J. (2015). Assessing impacts of intensified biomass removal and biodiversity protection on European forests. Dissertationes Forestales 197. 50 p. http://dx.doi.org/10. 14214/df.197 Forests provide many benefits to society and it is important to understand if, and how, policies affect the provisioning of ecosystem services. The objective of this dissertation was to analyze and evaluate impacts of intensified biomass production and biodiversity protection on ecosystem services provided by European forests.
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INTRODUCTION
European forest resources
Land use is of great importance to humans as it provides critical natural resources, including food and fibre (Foley et al. 2005) . Through changes in land use and harvest of biomass, humans currently appropriate about 30% of the potential, global net primary production annually (Haberl et al. 2007 ). Intensive land use practices have caused and are causing losses in biodiversity, for example through loss and degradation of habitats, pollution and overexploitation (Butchart et al. 2010; Pimm et al. 2014) . Intensive land use practices are, however, not a recent phenomenon. Expansion of agricultural land combined with fuelwood harvesting have been linked to deforestation in many parts of the world over the last hundreds to thousands of years (Williams 2000) . Land use is particularly intensive in Europe (Haberl et al. 2007 ) and historical land use practices have also resulted in major losses of forest cover in this part of the world during the last centuries to millennia (Bradshaw 2004; Kaplan et al. 2009 ). Trends in forest cover change have reversed in Europe, however, and the forest area has been expanding during the 20 th and 21 st century (Kuusela 1994; Rudel et al. 2005; Gold et al. 2006; Rautiainen et al. 2010; Forest Europe et al. 2011; Fuchs et al. 2013) .
Besides change in the extent of forest in Europe, the structure of these forest resources has also been changing (Figure 1 ). The growing stock and increment rates have been increasing almost continuously over the last decades (Kuusela 1994; Gold et al. 2006; Rautiainen et al. 2010; Forest Europe et al. 2011) , although the increment rates have started to decrease during the last few years , which is supported by several other studies that observed climate change induced growth decreases across various sites in Europe (see review by Lindner et al. 2014) . In 2010, European forest resources (45 countries in total, excluding the Russian Federation) covered 211 million ha, which, on average, corresponds to 32% of the land area, with an average growing stock of 156 m 3 ha -1 . It should be noted, however, that the resources vary greatly across European countries with forest cover ranging from 0 to 73% of the land area and average growing stocks ranging up to 346 m 3 ha -1 (Forest Europe et al. 2011 ). European forests are managed for a range of purposes. Wood production is an important function and wood removals from all European forests (excluding the Russian Federation) were about 468 million m 3 ub in (Forest Europe et al. 2011 . The rate of wood removals has been increasing over the last decades (Figure 1 ), but at a slower pace when compared to the increase in increment rates. Currently, the harvest intensity is about 62% of the net annual increment (Forest Europe et al. 2011) , but with large variation across European regions (Levers et al. 2014) . Some European regions are managed with the main aim to produce wood, while other regions have objectives other besides wood production (Hengeveld et al. 2012) . The management regimes that are applied across European forests range from small-scale, individual tree harvests in Central Europe to more large-scale clearcut systems in Northern Europe.
The increasing growing stock and increment rates, combined with a less strong increase in the rate of wood removals, caused European forests to have been acting as a carbon sink for decades, i.e. they have removed more carbon from the atmosphere through photosynthesis than the amount that was released back to the atmosphere through decomposition and burning (Goodale et al. 2002; Nabuurs et al. 2003b; Nabuurs et al. 2013) . Factors contributing to increasing increment rates are being debated and include improved accuracy of forest inventories, nitrogen deposition, increased atmospheric carbon dioxide (CO 2 ) concentrations, changes in climate, cessation of grazing and litter raking, ageing of the forest resources and changes in, or lack of, forest management (Nabuurs et al. 2003b; Gold et al. 2006; Ciais et al. 2008; Luyssaert et al. 2010; Bellassen et al. 2011; de Vries and Posch 2011) . The effects of age, as well as the single effect of increased atmospheric CO 2 concentrations have been disputed (Körner et al. 2005; Vilén et al. 2012; Erb et al. 2013) . The results of monitoring and modelling studies now suggest that the main drivers are forest management (Vilén et al. 2012; Erb et al. 2013 ) and nitrogen deposition (de Vries et al. 2009; de Vries et al. 2014; Fernandez-Martinez et al. 2014) , as well as the combined effect of nitrogen deposition, increased atmospheric CO 2 concentrations and climate change (Pretzsch et al. 2014) .
Besides affecting growing stock accumulation and carbon sequestration, forest management also affects species richness in European forests (Paillet et al. 2010) . Past intensive management practices have altered forest biodiversity across European forested landscapes (Siitonen 2001; Wallenius et al. 2010; Brukas et al. 2013) . To reverse biodiversity loss, protected areas have been established over a long time (Reid and Miller 1989) and the area of forests protected for biodiversity has increased during the last decades (Forest Europe et al. 2011 ; Figure 1 ).
Figure 1:
Changes in area, growing stock per hectare, net annual increment per hectare, protected forest area, age and annual wood removals per hectare in European forests. Data are indexed to the year 1990 (i.e. 1990=1) (Kuusela 1994; Gold 2003; Forest Europe et al. 2011; Vilén et al. 2012) . 
Demands on European forests
Forests have been for a long time primarily used as a source of wood and fuel. The demand for wood in Europe for material use has increased steadily in the 20 th century, driven to a large extent by population growth (Hurmekoski and Hetemäki 2013; Hurmekoski et al. 2014) . The demand for wood for material use is expected to increase over the next decades in Europe (UNECE-FAO 2011), although doubts have been expressed concerning the extent that this will really happen due to observed structural changes in wood markets (Hurmekoski and Hetemäki 2013; Hurmekoski et al. 2014) .
In addition to providing wood for material use, forests have also long provided wood for fuel. Although the importance of wood as fuel has dramatically decreased due to the availability of fossil fuels, forests are, however, regaining their importance as a source of fuel. Many European countries have committed themselves to international climate agreements to reduce emissions of CO 2 and other greenhouse gases by ratifying the United Nations Framework Convention on Climate Change (UNFCCC) and its Kyoto Protocol. Forests can play an important role in mitigating climate change since carbon sequestration in biomass and soil can offset greenhouse gas emissions. Furthermore, wood could be used to substitute fossil fuels or energy intensive products (Canadell and Raupach, 2008) . Policies have been developed to increase the share of renewable energy in energy consumption (e.g. Renewable Energy Directive 2009/28/EC). Forests are considered an important resource to meet these renewable energy targets, because forests are arguably not managed to their full extent (fellings are well below the annual increment in many countries, which suggests that wood removal could be increased) and may represent a cheaper resource than other resource options.
Forests are also important for biodiversity. Many European countries committed themselves to the conservation of biological diversity and the sustainable use of its components by ratifying the United Nations Convention on Biological Diversity (CBD), as well as related policies (e.g. the EU biodiversity strategy to 2020 COM/2011/0244). The ratification of the UNFCCC and CBD are two important conventions relevant for the management of (European) forest resources. However, there are many other benefits that forests provide to society (Millennium Ecosystem Assessment 2005; de Groot et al. 2010) and demand for many such benefits -or ecosystem services -is increasing.
The above-mentioned conventions place potentially competing demands on forests. For example, increased bio-energy production could also have negative effects on biodiversity (Huston and Marland 2003) , whereas enhanced biodiversity protection may decrease wood supply (Linden and Uusivuori 2002; Bolkesjø et al. 2005; Leppänen et al. 2005; Kallio et al. 2006; Hänninen and Kallio 2007) . It is likely that while the provisioning of some services can be combined in the same forest, trade-offs may occur between the provisioning of other services (cf. Sarr and Puettmann 2008) . Understanding trade-offs and defining optimal strategies to achieve different policy goals is a key challenge for scientists, decision makers and forest managers (McShane et al. 2011) . Forest management plays a crucial role here as management options can affect the provisioning of different ecosystem services, for example through choice of tree species (Gamfeldt et al. 2013) , harvest regimes (Ribe 1989; Gundersen and Frivold 2008) , or wood removal rates (Hood et al. 2002; Eggers et al. 2008 ).
Impact assessment
To avoid or mitigate unintended policy outcomes, proposals for policies in the European Union (EU) need to be evaluated with regards to their economic, environmental and social impacts inside and outside the EU (Tscherning et al. 2008) . To respond to this requirement, tools are needed and being developed to conduct integrated sustainability impact assessments of policies before they are implemented (e.g. Ness et al. 2007; Helming et al. 2011; Lindner et al. 2012; Päivinen et al. 2012) . Such tools often rely on scenarios to assess impacts of policies or management actions. Impacts can be assessed by comparing the outcome of a scenario with the intended policy against the outcome of a scenario without the intended policy. Another feature of many of these tools is that they often rely on indicators to assess policy impacts.
Different model approaches have been developed within forestry that can be used to assess future forest growth. Forest growth and yield models focus in particular on addressing management effects (Pretzsch et al. 2008 ). Within Europe, many growth and yield models have been developed over the last decades (see e.g. http://www.efiatlantic.efi.int/portal/databases/formodels/ or www.forestdss.org/), but they mostly focus on tree or stand level. To assess impacts of policies, models are needed that address forest resources at a larger scale, but few models exist that address growth and yield at such scales. Two models are currently applied for forest resource assessments at the European level: the European Forest Information SCENario model (EFISCEN) (e.g. Sallnäs 1990; Nabuurs et al. 2003a; Nabuurs et al. 2007; Eggers et al. 2008; UNECE-FAO 2011; Hanewinkel et al. 2013 ) and the Global Forest Model (G4M) (Kindermann et al. 2008; Kindermann et al. 2013) . Several other growth and yield type of models are currently being developed for resource assessments at the European level (e.g. Pilli et al. 2013; Mubareka et al. 2014) .
Forest simulation models typically provide multiple outputs or indicators. Outputs from such models can be used to assess how indicators change with time and how they are affected by policy or management changes. This can be done for each indicator individually or by integrating multiple indicators in an index. To evaluate alternative policy options and to identify favourable and unfavourable outcomes, indicator impacts can be combined with information on preferences. Numerous methods exist to address preferences in impact assessments, but common methods include cost-benefit analysis and multi-criteria analysis (Ness et al. 2007 ). The former method is an economic decision-making approach, using economic values as a basis for the comparison of different options. While several methods exist to estimate economic values in (environmental) impact assessments (e.g. hedonic pricing, travel costs, choice modelling), contingent valuation has become a widely used tool in cost-benefit analyses to elicit stated preferences on environmental matters (Spash et al. 2005) . The use of economic values for environmental impacts or services has been criticised, as there is doubt whether markets really reflect social preferences (Joubert et al. 1997; Spash et al. 2005) . For example, a person's preference could be affected by budget constraints and would not state his or her real preference (Joubert et al. 1997) . Despite the criticism, economic valuation is considered an important method to incorporate ecosystem services into decision making (Mooney et al. 2005; Bateman et al. 2013) , because the use of economic values has the advantage that the outcomes of a cost-benefit analysis are compatible with the market mechanism and that they are comprehensible to decision makers (Diakoulaki and Karangelis 2007) . Multi-criteria analysis is an alternative, popular method to support decision making, which relies on weights (Kangas et al. 2001; Wolfslehner and Seidl 2010) . It also assists in structuring a decision making process, it can help when stakeholders in the process have different and/or competing interests and it can include both quantitative and qualitative criteria. Both methods potentially lead to the same evaluation outcome in case economic values in a cost-benefit analysis properly reflect the preferences (weights) in a multi-criteria analysis (Diakoulaki and Karangelis 2007) .
Objectives
While there is pressure to protect forests to prevent further loss of biodiversity, there are also policies being developed that may lead to a greater demand for wood or biomass from forests. Policy options that address these topics may affect each other, as well as other ecosystem services provided by forests. In this dissertation, an approach is presented that assesses the impacts of forest policy and management scenarios addressing intensified biomass production and biodiversity protection on each other and on a number of ecosystem services provided by European forests. Such an approach is needed because existing European-wide assessments have only addressed single or few ecosystem services at a time (e.g. Nabuurs et al. 2001a; Karjalainen et al. 2003; Nabuurs et al. 2007; Eggers et al. 2008; Kindermann et al. 2013) . Furthermore, assessment studies that included multiple ecosystem services have relied mainly on land cover information to quantify ecosystem services provisioning (Bennett et al. 2009; Seppelt et al. 2011 ), but it is also important to consider (forest) management when assessing ecosystem services. Finally, several studies have linked model simulations with economics to optimise stand-or forest -level management (Seidl et al. 2007; Palahí et al. 2009; Miina et al. 2010; Başkent et al. 2011; Pukkala 2011; Pukkala et al. 2011; de-Miguel et al. 2014; Pukkala 2014 ), but there are no studies that linked model simulations with an economic valuation to evaluate impacts of alternative policy options on ecosystem services provided by European forests.
The main aim of this dissertation was to analyze and evaluate impacts of intensified biomass production and biodiversity protection on ecosystem services as provided by European forests. Specifically, the objectives were to:
1. Assess to what extent forests are currently protected and how felling restrictions in forests protected for biodiversity affect the current potential wood supply from forests (article I);
2. Assess the realisable woody biomass potential from forests (article II);
3. Develop methods to assess impacts of forest management and policy scenarios using large-scale forest resource modelling (articles III and IV); and to:
4. Assess and evaluate impacts of intensified woody biomass removals and biodiversity protection on selected ecosystem services provided by forests (articles III-V).
Impacts of intensified biomass removal and biodiversity protection on European forest resources were studied in the five articles that comprise this dissertation. Article I assessed to what extent forests are currently protected and how felling restrictions affect the potential annual wood supply within Europe. Articles II-V assessed future biomass potentials and impacts of different scenarios on forest resources, by applying the EFISCEN forest resource model. In article II, the model was applied to assess the realisable woody biomass potentials from European forests. In articles III-V, the model was applied to study impacts of policy and management scenarios related to intensified production of biomass and biodiversity protection using indicators for various forest ecosystem services.
MATERIALS AND METHODS
Study area and system boundaries
The study area in articles I-V is briefly described in Table 1 . To facilitate comparison of results from all articles, this synthesis covers 24 European countries (Figure 2 ), comprising the European Union member states, excluding Croatia, Cyprus, Greece and Malta. No correction was made for differences in e.g. forest area between the original articles (Table  1) . Therefore there are small deviations in the results presented in the synthesis of this dissertation as compared to the original results presented in articles I, II and V. This dissertation and all articles focused only on impacts on forests within the study area; impacts occurring when processing wood, impacts of material and energy substitution, as well as impacts outside (European) forests are excluded from the analysis, but the implications of these system boundaries are discussed. Forests that have been protected based on the existence of a legal basis, a long term commitment (minimum 20 years) and an explicit designation for the protection of biodiversity and landscapes (Parviainen et al. 2010) . 2 Forests where any legal, economic, or specific environmental restrictions do not have a significant impact on the supply of wood (MCPFE 2007) . 
Current restrictions on fellings in forests protected for biodiversity
In article I, restrictions on fellings within protected areas were estimated and combined with statistics on the extent of protected forest areas and their increment rates to estimate the long-term wood volumes unavailable annually due to protection of forests in Europe. Firstly, data on the extent of forests protected for biodiversity in 2005 were collected from Forest Europe et al. (2011) as the main data source for the analysis. Forests protected to preserve landscapes and specific natural elements are not considered in this dissertation, but are included in the analysis presented in article I. Data on protected forests were compiled by national correspondents following guidelines on protected forest and other wooded land in Europe (Parviainen et al. 2010) . According to these guidelines, only protected forests with a legal basis, a long term commitment, and an explicit designation are included. Data on protected areas are also available from other sources, but were not used because they were incomplete or because they follow classification systems that are not specifically designed for forests (Parviainen and Frank 2003; Frank et al. 2007; Parviainen et al. 2010) . Secondly, the volume of wood that could be harvested from these protected areas was assessed by estimating the theoretical potentials for wood fellings. The theoretical felling potential reflects the maximum amount of stem volume that could potentially be harvested each year, while disregarding all forms of protection or limitations to mobilise the resources. Following the principles of sustainable forest management (Forest Europe et al. 2011) , as well as guidelines for large-scale wood or biomass assessments (Vis and Dees 2011), the net annual increment was used to estimate the maximum theoretical felling potential. Net annual increment for the total forest area -including protected forests -was taken from UNECE-FAO (2000) . More recent estimates of the net annual increment (for example from Forest Europe et al. 2011 ) refer only to the productive forest area available for wood supply and were therefore not used.
Thirdly, restrictions on fellings in protected areas were estimated. Data on such felling restrictions were collected from summary tables compiled between 2002 and 2005 by national experts within the COST action E27 study on protected forests in Europe (European Forest Institute 2007; Frank et al. 2007 ). These tables included multiple characteristics for a wide range of different protection types. Felling restrictions were provided in the tables by the national experts as scores. In article I, these scores were converted into felling restrictions expressed as a percentage reduction in wood supply. Based on the restriction levels for each individual protected forest type in the dataset, average restrictions were calculated for each country, using the forested area within the protected forest type as a weight. For countries without data on felling restrictions the felling restrictions from neighbouring countries were used.
Fourthly and finally, the data collected in the first three steps were multiplied with each other to estimate the potential annual wood volume unavailable due to forests protected for biodiversity.
Future forest resource development
Model description
To project future forest resource development in articles II-V, the EFISCEN model (version 3.1) was used. EFISCEN is a large-scale forest scenario model that projects forest resource development at regional to European scale, based on national forest inventory data on the forest area available for wood supply, average growing stock and net annual increment. The model is described briefly below, relying heavily on model descriptions from articles II-V. A detailed model description is given by Schelhaas et al. (2007) .
In EFISCEN, the state of the forest is described by distributing forest area over matrices consisting of age-and volume-classes. Separate matrices are created for different regions, owners, site-classes and species, depending on the level of detail provided in the forest inventory data for each country. The initial distribution of area over matrices represents the state of the forest as derived from the national forest inventory data. During simulations, area is transferred between matrix cells and these transitions are determined by natural processes (e.g., growth and mortality) and influenced by management regimes (thinning, final felling, choice of tree species in regeneration,) and changes in forest area. Growth dynamics are simulated by shifting area proportions between matrix cells. In each 5-year time step, the area in each matrix cell moves up one age-class to simulate ageing. Part of the area of a cell also moves to a higher volume-class, thereby simulating volume increment. Growth dynamics are estimated by the model's growth functions, which are derived from inventory data or yield tables. Harvest regimes are specified at two levels in the model. First, a basic management regime defines the period during which thinnings can take place and a minimum age for final fellings. These regimes can be regarded as constraints on the total harvest level. Second, the demand for wood is specified for thinnings and for final felling separately and EFISCEN will harvest the requested wood volume if available. During thinnings and final fellings, logging residues are produced, which can either be left in the forest to decompose or be extracted, e.g. to produce energy.
EFISCEN provides information on (future) forest resource structure (tree species, area, age-class structure, stem wood volume, increment, mortality), as well as wood removals and logging residues and stumps from thinning and final fellings for every five-year timestep. With the help of biomass expansion factors, stemwood volume is converted into whole-tree biomass and subsequently to whole-tree carbon stocks. The soil module YASSO (Liski et al. 2005 ) is linked to EFISCEN and can be used to provide information on forest soil carbon stocks.
Model extension
The EFISCEN model was extended in article IV to assess deadwood dynamics. This was achieved by quantifying natural mortality, as well as developing a procedure to track and quantify the amount of deadwood. Mortality was defined as death of trees through ageing, suppression and/or disturbances. Mortality occurs in the model on areas that have not been recently thinned or have not been clear-felled in the same time-step. This is to prevent double counting as managed forests thinnings and final fellings counteract mortality (Cooper 1983 ) and because upon (large-scale) disturbances, fresh deadwood is often recovered and included in wood removal statistics (Schelhaas 2002) . Mortality was implemented in the model by transferring a given area one volume-class down as determined by the specified mortality rate and management intensity.
Upon tree death, standing deadwood is formed, which eventually falls down and forms downed deadwood. A negative exponential curve was applied to describe the rate at which standing deadwood falls down (Storaunet and Rolstad 2004) . The amount of standing deadwood is calculated from the initial volume, the input from mortality and the volume falling down. The standing deadwood pool was initialized as equilibrium between the input from mortality of the first time-step and the fall rate. No loss in mass due to decomposition was assumed while standing (Krankina and Harmon 1995; Mäkinen et al. 2006) .
After falling down, standing deadwood becomes downed deadwood. YASSO was used to describe the physical fractionation and decomposition of downed deadwood on mass basis. Downed deadwood enters YASSO in its coarse woody litter compartment and is transferred to different compartments based on chemical quality of the deadwood. The amount of downed deadwood is estimated as the balance between input of standing deadwood and loss of mass to the atmosphere through decomposition of downed deadwood estimated with the model. The initial amount of downed deadwood is estimated by running YASSO to the equilibrium with the input from standing deadwood of the first time-step.
Stem residues form the third type of deadwood. Stem parts that are left behind in the forest after thinning or final fellings become residues. The input of stem residues is determined by the proportion of felled stemwood that is removed from the forest and management intensity. Decomposition of residues was modelled by YASSO similar to the decomposition of downed deadwood. Litter and residues from branches and roots were not assessed as they were not considered to form deadwood.
Model input data
National forest inventory data on area, growing stock and net annual increment are used to initialize the EFISCEN model. EFISCEN was initialized in article IV with data collected by Schelhaas et al. (2006) . National forest inventory data were updated for Austria, Belgium, Czech Republic, Denmark, Finland, Germany, Hungary, Ireland, Italy, Latvia, Netherlands and Sweden for article II and Italy was again updated for articles III and V.
To incorporate mortality and deadwood in articles IV and V, mortality functions were estimated and EFISCEN's growth functions were converted into gross annual increment functions. This conversion was done using increment correction factors. If either the mortality rate or the increment correction factor was estimated, then the other was calibrated through the balance of gross increment, net increment and mortality. Mortality data were collected from forest inventories in Austria, Germany and Sweden. For other countries, country-specific correction factors for broadleaved and coniferous species separately were calculated from UNECE- FAO (2000) as the ratio between reported gross and net annual increment. To further model deadwood, fall rates of standing deadwood were collected from literature for various tree species in Northern Europe as well as for two tree species in Central Europe. For the remaining countries and tree species likely fall rates were concluded from known fall rates of other countries. The estimated or assumed stem fall rates did not include loss of volume due to disintegration of standing deadwood (i.e. reduction in height of dead stems). To correct for this we assumed that volume fall rates were twice the fall rates for deadwood stems.
General forest management parameters on age-limits for thinnings and final fellings were based on a compilation of conventional forest management according to handbooks (cf. Nabuurs et al. 2007 ) and were updated in articles II, III and V by consulting national correspondents. The proportion of volume from thinning or final fellings being removed from the forest was calculated on a country level, distinguishing between coniferous and broadleaved species (UNECE-FAO, 2000).
Realisable potential supply of woody biomass
Theoretical woody biomass potential
The realisable potential supply of woody biomass was estimated in article II for stemwood; branches and harvest losses ('residues'); stumps and coarse roots ('stumps'); and woody biomass from early or energy thinnings in young forests ('other biomass'). As a first step, the theoretical potential of forest biomass supply in Europe was estimated, i.e. the overall, maximum amount of forest biomass that could be harvested annually within fundamental bio-physical limits (Vis and Dees 2011), taking into account increment, the age-structure and stocking level of the forests. To assess the theoretical potential, EFISCEN was applied to iteratively assess the theoretical harvest potential of stemwood for the period 2010-2030 for every five-year time-step. This potential was estimated by first assessing the maximum volume of stemwood that could be harvested annually during 50-year periods. From this maximum harvest level an average (maximum) harvest level was calculated. EFISCEN was then rerun to check whether this harvest level was feasible in the time step for which the theoretical potential was estimated. If it was not feasible, the harvest level was iteratively reduced by 2.5% until harvest was feasible. This procedure provided estimations of the stemwood potentials, as well as the associated potential from logging residues and stumps, from thinning and final fellings separately.
Constraints on woody biomass supply
Theoretical forest biomass potentials estimated by EFISCEN are higher than what can be supplied from the forest due to environmental, social, technical, and economic constraints on wood supply. In a second step, such constraints were quantified and combined with the theoretical potential to estimate the realisable woody biomass supply. To do this, important constraints on biomass supply were identified from literature, national biomass harvesting guidelines and recommendations with regards to supply of woody biomass. The following constraints were included in the analysis:

Site productivity (limits residue extraction on poor soils);  Soil and water protection (limits residue extraction to prevent erosion, soil compaction and water pollution);  Biodiversity protection (reduces stemwood and residue extraction to prevent loss of biodiversity);  Recovery rate (limits residue extraction level based on slope and machinery);  Soil bearing capacity (limits mechanised harvesting of biomass on certain soil types);  Ownership structure (reduces stemwood and residue extraction based on forest holding size of privately owned forests).
Each of these constraints was quantified separately for all types of woody biomass (i.e. stemwood, residues, stumps and other biomass) and by type of felling activity (i.e. early thinning, thinnings and final felling) for three mobilisation scenarios. These scenarios were defined as follows:  The high mobilisation scenario has a strong focus on the use of wood for producing energy and for other uses. Recommendations on wood mobilisation are successfully translated into measures that lead to an increased mobilisation of wood. This means that new (public and private) forest owner associations or co-operations are established throughout Europe. Together with existing associations, these new associations lead to improved access of wood to markets. Strong mechanization is taking place across Europe and existing technologies are effectively shared between countries through improved information exchange. Biomass harvesting guidelines become less restricting, because technologies are developed that are less harmful for the environment. Furthermore, possible negative environmental effects of intensified use of forest resources are considered less important than the negative effects of alternative sources of energy or alternative building materials. Application of fertilizer is permitted to limit detrimental effects of logging residue and stump extraction on the soil.  The medium mobilisation scenario builds on the idea that recommendations are not all fully implemented or do not have the desired effect. New forest owner associations or co-operations are established throughout Europe, but this does not lead to significant changes in the availability of wood from private forest owners. Biomass harvesting guidelines that have been developed in several countries are considered adequate and similar guidelines are implemented in other countries. Mechanization of harvesting is taking place, leading to a further shift of motor-manual harvesting to mechanized harvesting. Application of fertilizer is permitted to a certain extent to limit detrimental effects of logging residue and stump extraction on the soil.  In the low mobilisation scenario, the use of wood for producing energy and for other uses is subject to strong environmental concerns. Possible negative environmental effects of intensified use of wood are considered very important and lead to strict biomass harvesting guidelines. Application of fertilizer to limit detrimental effects of logging residue and stump extraction on the soil is not permitted. Forests are set aside to protect biodiversity with strong limitations on harvest possibilities in these areas. Furthermore, forest owners have a negative attitude towards intensifying the use of their forests. Mechanization of harvesting is taking place, leading to a shift of motor-manual harvesting to mechanized harvesting, but with little effect on the intensity of resource use.
The environmental and technical constraints were implicitly quantified for stemwood by considering only the forest area available for wood supply. The quantification of the constraints, according to the three mobilisation scenarios, for the other types of biomass is described in the supplementary material of article II and is not repeated here. Spatially explicit data were collected in raster format (1x1 km resolution) for each environmental and technical constraint. The different raster layers were combined by determining the minimum permitted extraction rate for each raster cell and then aggregated to calculate the average restriction per EFISCEN region and country according to each mobilisation scenario and biomass type. For all types of biomass, the effect of private ownership structure on wood mobilisation was estimated by linking size-classes of privately-owned forest holdings with maximum extraction rates per size-class at the national level. Finally, the realisable biomass potential from European forests was estimated by combining the theoretical forest biomass potential at the regional level with the average reduction factor for each region for environmental and technical constraints and for the constraint related to forest holding size.
Impacts of intensified biomass removal and enhanced biodiversity protection
Impact scenarios
Impacts of intensified removal of woody biomass, as well as enhanced forest protection were assessed in articles III-V in separate scenarios. The scenarios are described in Table 2 . 
IV Baseline scenario
Scenario in which no changes in policies or management strategies were assumed throughout the simulation. Future wood demand is based on historical development of the European forest sector and forecasts of economical growth (Kangas and Baudin 2003; Schelhaas et al. 2006) . Wood demand increased moderately in most countries between 2000 and 2030 and stem residues were not removed.
IV Bio-energy scenario
Scenario in which stem residues were extracted and final fellings were increased to the maximum potential (where possible) from 2010 onwards.
The maximum felling potential was determined for different species based on the rotation length, the mean annual net increment over the rotation period and the actual growing stock volume in each five-year time step (EEA 2006) . The amount of residues from stems that are generated during harvest operations was estimated by running EFISCEN with the estimated thinning and final fellings levels. Residues from branches were not assessed as they were not considered to form deadwood. Constraints were applied to address environmental criteria that limit the amount of residues that could be extracted. The criteria included slope, elevation, soil water regime, base saturation in top-and subsoil and soil type (EEA 2006).
V Reference scenario
Scenario which assumes no changes in current policies or management strategies. The future demand for domestically harvested roundwood was taken from the B2 reference future as projected by the global forest sector model EFI-GTM (UNECE-FAO 2011). The share of logging residues (all countries) and stumps (in Finland, Sweden and the United Kingdom only) that are extracted during harvest operations (thinning and final fellings) was assumed to increase linearly until 2020, according to the constraint quantification in medium mobilisation scenario in article II and remain constant thereafter.
V Wood energy scenario
Scenario which considers that the national renewable energy targets for 2020 (e.g. Renewable Energy Directive 2009/28/EC) are achieved, and that the trend continues to 2030. The future demand for domestically harvested roundwood was taken from the wood energy scenario as projected by the EFI-GTM model (UNECE-FAO 2011), leading to a larger demand for wood as compared to the article V reference scenario. The share of logging residues and stumps (both in all countries) that are extracted during harvest operations (thinning and final fellings) was assumed to linearly increase until 2020 to the level of the high mobilisation scenario as presented in article II. Other parameters were kept the same as in the article V reference scenario; V Biodiversity scenario Scenario in which 5% of the forest area available for wood supply was set aside for biodiversity protection. Fellings in these protected areas were restricted based on the restrictions from article I. Less intensive management was assumed in the unprotected area by focusing more on small-scale interventions (thinning and group-wise harvest) and shifting gradually to more broadleaved dominated area (Nabuurs et al. 2001b ). This was implemented by (i) applying longer rotation lengths, (ii) increasing the share of wood from thinnings, and (iii) regenerating upon final harvest 50% of area that was dominated by conifers with broadleaves. The future demand for wood was the same as for the article V reference scenario and was prioritized on the unprotected area. Extraction of logging residues and stumps was not permitted anywhere.
The reference year was 2005 in articles III and IV and 2010 in article V. Wood demand up until the reference year in each article was based on historical roundwood production converted to overbark volumes and which was used as wood demand until the year 2005 or 2010. The forest area was kept constant in all projections, except for the projections in article III, in which the forest area decreased slightly due to deforestation, as projected by the G4M model. No climate change was assumed in articles III and IV. Climate and environmental change effects on productivity were incorporated in article V by scaling the growth functions in EFISCEN (Schelhaas et al. 2010) .
Biophysical impacts
Impacts of intensified removal of woody biomass (articles III-V), as well as enhanced forest protection (article V) were assessed in separate scenarios for five ecosystem services (Table 3 ). These ecosystem services were selected as they could be estimated using the EFISCEN model outputs and they cover different types of ecosystem services.
To quantify the biophysical impacts on the indicators in Table 3 , EFISCEN outputs on roundwood production, logging residue and stump biomass production, deadwood and carbon sequestration were used. Recreational attractiveness was estimated in article V as an expert-based index (on a scale of 1-10) representing the preference value of different forest stands for recreation, based on surveys for four European regions, involving 46 experts (10 to 14 experts from different countries within each region (Edwards et al. 2012) ). Calculations were made for each country by multiplying (i) the area in different age-classes as projected by EFISCEN, with (ii) age-class and species-group specific recreational scores for different management regimes across Europe (Edwards et al. 2012 ). 
Economic impacts
The biophysical impacts, as quantified in article V, were complemented with an assessment of economic impacts. Economic values for each ecosystem service were estimated as follows:  For roundwood, the average roundwood price (euro m -3 overbark) in each country was estimated from data on total volume (converted to overbark volumes) and market value of roundwood produced in (Forest Europe et al. 2011 );  The price of harvest residues (euro GJ -1 ) was estimated for 12 countries (Alakangas et al. 2007 ) and the average of these 12 countries was applied to the countries where no data were available. Values in GJ were converted to tonnes dry matter using a net calorific value of 18.5 GJ ton -1 dry matter (Alakangas et al. 2007 );  The value of carbon sequestration was based on the social carbon cost. The median social carbon cost (at 3% discount rate, estimated from 232 published estimates) of 14.67 euro ton -1 C (4 euro ton -1 CO 2 ) as reported by (Tol 2012 ) was used;  The valuation of recreation was based on the willingness-to-pay estimates for recreation in protected and unprotected forests as estimated by Giergiczny et al. (2008) . These values were derived from (1) a meta-regression analysis on 253 estimates from 49 studies in 8 countries across Europe to estimate what factors affect the willingness to pay for recreation, (2) the mean recreational value of forests in the United Kingdom provided by the Forestry Commission estate according to a questionnaire involving over 15,000 visitors, and (iii) using the results of the meta-analysis to transfer the mean recreational value of forests in the United Kingdom to other European countries.
The estimated economic values are shown in Table 4 . The impacts on deadwood (or biodiversity) were not included in the economic assessment due to lack of European-wide data. The prices of roundwood and residues include costs related to harvesting and management. To exclude these costs, an internal rate of return of 2.8% (Ylitalo 2012) was used, i.e. a net benefit was used of 2.8% of the prices for roundwood and residue and stump biomass, shown in Table 4 . 
RESULTS
Felling restrictions in forest protected for biodiversity
In 2005 about 16 million ha of forests within the study area were protected with biodiversity as the main objective. This corresponded to about 11% of the forest area in the 24 countries included in this synthesis. The extent to which individual countries have protected their forests varied between 0 and 35%. The potential wood volume that could annually be felled was about 4.5 m 3 ob ha -1 yr -1 and ranged from 2.2-8.4 m 3 ob ha -1 yr -1 between countries. Felling restrictions within the protected areas do not restrict fellings completely. It was estimated in article I that felling restrictions in forests protected for biodiversity reduced fellings within these areas by 51% (range between countries: 34-85%). This means that 49% of the wood volume in these protected forests could still be potentially felled. Consequently, 35 million m 3 ob yr -1 is in effect protected from felling activities (Figure 3 ). 
Realisable potential supply of woody biomass
The theoretical potential supply of woody biomass from European forests within the study area was estimated at 1,271 million m 3 ob yr -1 in 2010 in article II. The theoretical potential was estimated to be rather stable over time (-1.8% change between 2010 and 2030) . Environmental, technical and social constraints reduce the amount of woody biomass to 741 ob million m 3 yr -1
, or 58% of the theoretical potential in 2010 (Table 5 ). This potential is primarily composed of stemwood (84%), followed by residues (14%). Stumps and other biomass have a small share each. In 2030, the woody biomass potential was estimated to range between 620 and 891 million m 3 ob yr -1 summed over all 24 countries, according to the low and high mobilisations scenarios, respectively. This range is to large extent determined by the degree to which residues, stumps and other biomass are extracted in the mobilisation scenarios.
The realisable potential supply of woody biomass from forests was estimated per unit of land to make the estimates comparable between countries (Figure 4) . The potential supply of woody biomass from forests per unit of land is generally highest in Central and Northern Europe. This is explained by high forest productivity (mainly Central Europe) and/or high forest cover ratios (mainly Northern Europe). Conversely, the potential supply of woody biomass per unit of land are generally low in Southern European countries due to lower productivity of the forest resources, as well as in countries that have only a low share of forest cover (e.g. Denmark, Ireland, the Netherlands, and United Kingdom). 
Impacts of intensified biomass removal and enhanced biodiversity protection
Biophysical impacts
Roundwood production Roundwood production was quantified in articles III-V for seven scenarios ( Figure 5 ). An initial difference of roughly 51-86 million m 3 ob yr -1 is shown for the projections from article IV as compared to articles V and III, resp. Also the biodiversity scenario (article V) showed there was already less wood production in 2010 compared to the other scenarios. Despite initial differences, six scenarios projected an increase in roundwood production between 2010 and 2030 (median: +14%; range between scenarios: 0 to +42%) with roundwood production increasing only modestly according to article III. Roundwood production was projected to increase in most parts of Europe, but the ranking of European regions according to the percentage increase differed between scenarios and articles. Residue and stump biomass production The extraction of woody biomass from residues and stumps was quantified in article V ( Figure 6 ). Extraction of residue and stump biomass was projected to increase between 2010 and 2030 in both the reference and the wood energy scenarios. For both scenarios, the largest (absolute) increases were projected for the northern and central western parts of Europe, mainly due to the large volumes of wood that are harvested and the dependency of stump removals on the amount of stemwood removals. Residue and stump extraction was abolished in the biodiversity scenario after 2010. Carbon sequestration Carbon sequestration in forest biomass was quantified in articles III and V for five scenarios in total. Differences are shown for the initial levels of carbon sequestration, which is affected by the initial differences in roundwood production. Nevertheless, all scenarios indicated that European forests still act as a sink of carbon (Figure 7) . However, the size of the sink was projected to decline in all five scenarios. Without major changes in policy objectives, the sink was projected to decline by 15 (reference scenario in article V) to 24% (baseline scenario in article III) in 2030 as compared to 2010. The response to additional policy measures that enhance use of wood for energy ranges from a modest decline (-6%; reference scenario of article III) to a stronger decline (-22%; wood energy scenario of article V). The estimated carbon sequestration for the biodiversity scenario (article V) was much larger compared to all other scenarios over the whole 20-year period. To a large extent, these differences between scenarios follow the patterns in wood production, as shown in Figure 4 . 
Deadwood
The amount of deadwood was quantified for five scenarios in total in articles IV and V (Figure 8 ). Differences are shown for the initial levels of deadwood between the scenarios, which is affected by the initial differences in roundwood production. According to model projections the amount of deadwood in European forests ranged from 1,534 to 1,621 Tg in 2010. The amount of deadwood increased over the 20-year period in the baseline scenario (+5%; article IV) and the biodiversity scenario (+3%; article V) and decreased in all other scenarios. Extraction of residues and stump biomass reduced the amount of deadwood in forests according to both the bio-energy scenario (-6%; article IV) and the wood energy scenario (-7%; article V). Deadwood increased in some countries despite the extraction of residues and stumps, which can be explained by increased additional input of stem residues resulting from additional fellings. The additional input of residues compensated in some countries for the reduction in deadwood due to more intensive removal of biomass.
In addition to the amount of deadwood, the type of deadwood was quantified as well in article IV (Figure 9 ). According to the projections, stem residues constituted about 64% of all deadwood in 2010 and standing and downed deadwood represented 9 and 27%, respectively. In the baseline scenario, there was an average increase of stem residues (+7%) between 2010 and 2030, as well as an overall increase in standing (+4%) and downed deadwood (+2%). Intensification of forest biomass removal affected the different types of deadwood. According to the bio-energy scenario, the amount of stem residues reduced most strongly between 2010 and 2030 (-9%), but remained the most common type of deadwood. The average amount of standing deadwood reduced as well (-6%), but the amount of downed deadwood remained more or less constant over the 20-year period. Recreational attractiveness Recreational attractiveness was quantified in article V (results not shown). Recreational attractiveness did not change at the European level according to the reference scenario (+0.1%) and the wood energy scenario (-0.4%). Results of the biodiversity scenario indicated a slightly larger recreational attractiveness by 0.5 points (+9.4%).
Economic impacts
The economic impacts of three different scenarios were estimated in article V by combining biophysical impacts with economic values (Figure 10 ). The reference scenario was ranked lowest resulting in a net loss of 0.69 euro ha -1 yr -1 in 2030 as compared to the situation in 2010. An intensification of wood and biomass production (i.e. the wood energy scenario) led to a net loss of 0.49 euro ha -1 yr -1 . The biodiversity ranked highest with an estimated benefit of 4.84 euro ha -1 yr -1 . This ranking of scenarios depended on the type of ecosystem services that were considered; the wood energy scenario would yield the highest economic gains if only marketed ecosystem services were considered. However, when non-marketed services are also considered, the biodiversity scenario yielded the largest gains. 
DISCUSSION
Intensified biomass removal
Policies are currently being developed that aim at preventing further loss of biodiversity, as well as policies that may lead to a larger demand for wood or biomass from forests. Such policies may affect each other, as well as other ecosystem services provided by forests. In this synthesis, methods are presented that have been applied to assess the impacts of scenarios addressing intensified biomass production and biodiversity protection on a number of ecosystem services provided by European forests. This synthesis relies to a large extent on projections by applying the EFISCEN model for different scenarios. These scenarios were constructed to analyse what could happen if certain policy or management measures would be taken, but they are not predictions of what will happen in the future.
According to article II, the current realisable potential biomass supply from European forests was 741 million m 3 ob yr -1 in 2010 (of which 619 m 3 ob yr -1 in the form of roundwood) and could range from 620 to 891 million m 3 ob yr -1 in 2030. According to statistics, 405 million m 3 ub yr -1 was removed in 2010 in the EU in the form of roundwood (Forest Europe et al. 2011) . Available information on removal of residues indicated that 20 million m 3 yr -1 was removed in the form of logging residues in 2005 (Steierer 2010), although data on removal of residues are not available for all countries. Altogether, these data suggest that there is significant potential to increase wood supply from European forests. To mobilise this potential, a significant increase in harvest level is required compared to the current situation. This implies quite drastic changes in forest management across Europe. Even in the low mobilisation scenario, potential removal rates are estimated to exceed current harvest levels and there would be more intensive forest management compared to current practices. In the high mobilisation scenario, biomass from stumps played an important role. However, stump harvesting is increasingly disputed (Walmsley and Godbold 2010) and it is not certain that the high mobilisation rate would be accepted by society.
Besides societal acceptance, the willingness of forest owners to supply biomass also needs to be considered. In article II, this was taken into account (in absence of Europeanwide empirical data) by assuming that maximum biomass extraction rates increased with forest holding size. Blennow et al. (2014) criticized this relationship and hence the estimated potentials; the authors conducted 800 interviews in Germany, Portugal and Sweden and found "that European private forest owners' readiness to increase the supply of woody biomass for energy is substantially lower" than estimated in article II. However, Blennow et al. (2014) focused only on stemwood and did not ask whether owners are willing to mobilise residues and/or stumps from their forests, which represent an important part of the potentials estimated in article II. Furthermore, Blennow et al. (2014) asked forest owners about their attitude towards supplying woody biomass for energy generation, but did not ask them to think whether they are willing to supply it in case the demand from other wood markets would decline (cf. Hurmekoski and Hetemäki 2013) . The attitude of forest owners to supply wood or biomass to meet future demands is an important factor to consider and owners may not be so eager to change established practices. Their attitude to mobilising more wood, however, remains unclear.
Although guidelines on biomass production have been taken into account when quantifying biomass potentials in article II, intensification of biomass production from European forests for renewable energy could increase the pressure on forest biodiversity (Jonsell 2008; Bouget et al. 2012; Lamers et al. 2013) . Results of article IV indicate that the amount of deadwood in European forests could increase in the next decades without taking any specific biodiversity measures due to ageing and additional inputs of stem residues from increasing felling levels. However, intensification of biomass removal could fully counteract this development at European level and reduce the amount of deadwood in 2030 below the levels that were estimated for 2005. Without additional management measures to protect deadwood, intensification of biomass removal could thus negatively affect deadwood-dependent species, which constitute an important part of biodiversity in European forests. Intensified biomass removal may also, however, have positive effects on light-demanding species in European forests and/or species associated with (neglected) coppice forests (Fuller 2013) .
According to articles III and V, intensification of biomass production from European forests also affected the forest carbon sink. EFISCEN projected a decline in the observed sink of carbon (Figure 1 ) in managed forests of EU. The decreasing trend was mainly attributed to forest ageing and especially intensified biomass removals to meet renewable energy targets. This indicates that if use of wood for energy (as well as material use) is to be a climate effective strategy, these emissions from forests need to be accounted for.
When combining all impacts in an economic assessment in article V, intensified biomass removal was estimated to result in an economic loss across Europe, except in Northern Europe. This loss would be mainly due to decreased carbon sequestration rates in forest biomass. However, the economic loss may be smaller as compared to projections without specific measures to intensify use of forest biomass. Furthermore, intensified use of forest biomass could reduce emissions from fossil fuel burning or from the use of more energy intensive materials (Sathre and O'Connor 2010) . Such substitution effects were not considered as they do not occur in forests, but they are relevant when quantifying all impacts of the investigated scenarios.
Biodiversity protection
Currently, about 16 million ha of European forests are protected with biodiversity as the main objective within the study area of this synthesis. Article I showed that felling restrictions imposed in these protected areas effectively reduce the long-term potential supply of wood from European forests by 35 million m 3 ob annually (51% reduction of the long-term, annual supply within protected areas, or 5% reduction of the long-term, annual supply of the total forest area). Yet, fellings in these protected areas were found to be permitted to a fair extent. Given that (i) management intensity may increase to meet future materials and energy needs in forests that are available for supplying wood (UNECE-FAO 2011), which (ii) may increase pressure on biodiversity outside protected areas (article IV), the question could be raised whether biodiversity is sufficiently protected both inside and outside designated areas.
In article V, enlarging the area of protected forests, combined with biodiversity-oriented management practices was found to improve the provisioning of biodiversity, carbon storage and recreation, but it negatively affected wood, residue and stump biomass production. Overall, increased biodiversity protection provided larger economic benefits to society as compared to a situation without such measures.
Intensified biomass removal and biodiversity protection
Intensified biomass removal and biodiversity protection are both addressed through international conventions and, depending on their implementation, place competing demands on forests. Increased biomass removal for bio-energy production was found to negatively affect deadwood, as well as several non-provisioning ecosystem services within the study area. If attempts are to be made to avoid such impacts, for example by restricting intensification of biomass removals, it should be taken into account that such restrictions should not result in more greenhouse gas emissions through the use of other fuels or building materials (i.e. substitution), or through international trade and displacement of impacts to other parts of the world (Creutzig et al. 2014) . Enhanced biodiversity protection, on the other hand, may decrease wood supply, but may positively affect other ecosystem services. The outcome of the economic assessment (article V) suggests that a strategy focusing on biodiversity protection would result in larger benefits to society than a strategy focusing on intensifying biomass removal. However, costs or benefits outside the study area were not assessed. Kallio et al. (2006) showed that if the protected area in the European Union, Norway and Switzerland were to be enlarged such that 5% of the growing stock would be protected, this would lead to a decreased harvest of roundwood of 3.1% in the area and to a 3.8% increase in harvest of roundwood in European Russia. This indicates that protection within Europe could lead to increased harvests in other parts of the world through international trade. Such displacement of impacts may have negative impacts on biodiversity outside Europe (Mayer et al. 2005) . These findings indicate that the trade-offs between different ecosystem services through use of domestic resources need to be weighed against impacts that are occurring abroad.
It is also important to consider that the impacts of forest policy and management scenarios were only evaluated for a limited set of ecosystem services. An analysis of impacts should be further elaborated by including ecosystem services that were not considered in this dissertation, as well as other sustainability impacts that may occur, for example when processing wood . Planning is needed to cope with these competing demands on forest resources, keeping in mind the global context. Such planning requires identifying (i) where biodiversity protection should be prioritized, (ii) where wood production could be maximized, but also (iii) where both biodiversity and wood production could be combined through integrated forest management.
Comparison with other data
In this dissertation, methods were developed and applied to assess impacts of intensified woody biomass removals on selected ecosystem services provided by forests. An attempt was made to compare the calculation results with other studies where possible. Article I quantified the effect of forest protection on European wood supply. Schmack et al. (2012) conducted a similar analysis for Germany. Stronger felling restrictions and substantially larger volumes of wood being unavailable were estimated in article I for Germany. Schmack et al. analysed site-and tree species specific restrictions and focused on Natura2000 sites, protected according to the Habitats Directive of the European Union (Council Directive 92/43/EEC). Due to data availability, a simpler approach was applied in article I in which only national level data from international statistics were used. Variations in the extent of protected forest areas, as well as estimated restrictions imposed on these areas, may explain the differences.
In articles II-V, EFISCEN was used. The model has been validated for Finland and Switzerland using long-term forest inventory data (Nabuurs et al. 2000; Thürig and Schelhaas 2006) . These validation studies found that the model was capable of reliably projecting the development of forest resources for periods up to 50-60 years. While the model has been validated in terms of its estimates of forest resource structure, its estimates of various ecosystem services have not been validated in a strict sense. In article II, an attempt was made to compare the estimated woody biomass potentials to other studies reviewed by Rettenmeier et al. (2010) . It was found that the estimated potentials for 2010 compared rather well with other studies and that the low and high mobilisation scenarios more or less represented the minimum and maximum range reported by other studies.
In article III, EFISCEN was applied together with the G4M model. These two models were harmonized as well as possible in their major assumptions on input data (forest area, age-structure, harvested wood) and both projected a decline compared to the observed sink of carbon in managed forests of EU, but the rates differed. The decline was estimated to be about 25% according to EFISCEN and 40% according to G4M, in 2030 relative to 2010. These differences could be explained by differences in data despite harmonization efforts. Furthermore, management actions are implemented differently in the two models; EFISCEN determines rotation lengths based on management guidelines combined with the demand for wood from domestic resources, while G4M applies an optimization procedure aiming at satisfying the demand for wood from domestic sources and taking into account growth conditions. Also the distribution of harvest over thinning and final fellings is different between the models. The projections by both models have also been compared with data from greenhouse gas inventories that European countries submit annually to the UNFCCC (Groen et al. 2013) . Differences exist between estimates of EFISCEN and G4M on the one hand and national estimates on the other hand. No single factor was identified that explained these differences, but variables such as biomass expansion factors, harvest volumes and the way harvest losses are treated were considered to explain differences observed for individual countries.
In article IV, EFISCEN results were compared with reported deadwood amounts according to national or international statistics. For countries for which proper data on mortality and/or fall rates were available, EFISCEN projected standing deadwood rather well. For countries in which less detailed data on mortality and fall rates were available larger differences were found, but EFISCEN results were generally comparable with reported deadwood amounts.
Uncertainties
The approaches that were developed and applied in articles I-V were all data-based approaches and the results are thus dependent on the availability and quality of data across Europe. In some cases, simple approaches had to be applied and rough assumptions had to be made. This introduces uncertainties in the estimates presented in this dissertation.
To assess the annual felling potential from protected areas in article I, the net annual increment was used of all forests in a country. These data were used in absence of detailed resource information on the location, structure and growth of protected forests. Protected areas are, however, often located on sites with lower productivity, at higher elevation, on steeper slopes and at greater distance from roads and cities (Joppa and Pfaff 2009; Boncina 2011) . Growth rates of protected forests may thus deviate from the average national-level net annual increment. Furthermore, the use of net annual increment as a measure for the felling potential assumes an equal distribution of area over age-classes. This does not hold for most of Europe's forests, as there is generally a larger share of young forests (Vilén et al. 2012) . Hence, the use of the net annual increment in article I may lead to an overestimate of the wood volumes unavailable due to forest protection.
In articles II-V, EFISCEN was used to project resource development. There are uncertainties associated with these projections due to (the combined effect of) the structure of the model, quality of data that were used and/or scenarios that were analysed. With regards to the structure of the model, the main weakness of EFISCEN is that the model is designed for managed, even-aged forests; projections for unmanaged, uneven-aged, or shelterwood forests should therefore be considered less reliable.
Despite the use of the same model in articles III-V, differences could be observed in the results presented in this synthesis. These differences are due to differences in input data (forest inventory data, historical wood production statistics), as well as the scenarios that were analysed. For projection of future resource development, wood demand is one of the main drivers in the model. The demand for wood differed between the scenarios in articles III-V already under reference conditions ( Figure 5 ), resulting in different harvest levels and different impacts on ecosystem services. These differences can be explained by differences in the construction of the scenarios; in article IV, the demand for wood was linked to estimates of economic growth, while articles III and V also included the effects of global trade with the help of the forest sector models GLOBIOM and EFI-GTM, respectively. The use of different forest sector models, as well as different assumptions on economic growth, leads to differences in estimated future wood demand. Uncertainty about the development of the forest sector leads to uncertainty about the future development of forest resources, and vice versa.
Besides wood demand, climate change is a factor becoming increasingly important for European forest resources (Eggers et al. 2008; de Vries and Posch 2011) . While the regional patterns of climate change impacts on European forests are increasingly better understood Lindner et al. 2014 ) the exact impacts of climate change on e.g. growth rates are still not well understood and depend on future global development . Changes in growth rates have been included in article V only and explain to some extent differences in article V, as compared to articles III and IV. Besides growth changes, climate change has also been linked to recent and future increases in forest disturbances from fires, storm and insect outbreaks (Seidl et al. 2014) . The potential impact of disturbances have not been considered in the results presented in this dissertation. Increases in damage from forest fire could reduce harvest potentials, whereas increases in storm events could lead to sudden availability of large amounts of wood and disrupt timber markets in the short-term and may affect the future availability of wood in the long-term. Similarly, disturbances may also affect the amount and type of deadwood that is formed in European forests, as well as other ecosystem services provided by forests (Seidl et al. 2014) .
To summarize, challenges remain in assessing future forest resource development as well as the impacts of different forest-related policies and their related forest management, but these challenges should not be an impediment to develop and improve assessments of the kind presented in this dissertation. The analyses presented here provide a basis for informed decision-making and help to point out gaps in existing knowledge about European forest resources. The analyses could be improved through the use of additional and better quality data on European forests, but also through the use of more sophisticated forest resource models that are better able to address forest resource development, taking into account the broad range of current and future forest management practices and impacts of climate change across Europe.
CONCLUSIONS
Forests provide many benefits to society and it is important to understand if, and how, changing forest policies may affect the provisioning of ecosystem services. This dissertation synthesizes articles I-V in which an analysis and evaluation is presented of the impacts of intensified biomass production and biodiversity protection on the ecosystem services of European forests.
Protected forests covered 11% of forests within the 24 European countries included in this synthesis in 2005. Felling restrictions applied in these protected areas reduce the longterm potential supply of wood from European forests by 35 million m 3 ob yr -1 . In all European forests that are available for wood supply, the realistic harvest potential was estimated at 741 million m 3 ob yr -1 in 2010, including woody biomass from stems, residues, stumps and other biomass. Projections of future realisable biomass potentials indicate a range from 620 to 891 million m 3 ob yr -1 in 2030, depending on the extent to which measures are taken to restrict or enhance the mobilisation of wood for producing energy or materials as compared to current guidelines. While these projections indicate that it is possible to increase the availability of forest biomass significantly beyond the current level of resource utilization, implementing these ambitious scenarios would imply quite drastic changes in the current management of European forests.
Increases in resource utilization in terms of woody biomass removals will involve tradeoffs with other ecosystem services provided by forests. For example, the carbon sink and the amount of deadwood are projected to decline in scenarios that include policy measures to intensify the use of existing forests to produce more woody biomass as compared to projections without such measures. Results of an economic valuation show that intensifying biomass removals could lead to a net economic benefit measured by the aggregated value of five ecosystem services, as compared to projections without measures to intensify use of forest biomass. Larger social benefits could potentially be obtained if biodiversity protection is enhanced in European forests.
It should be noted that the assessments presented in this dissertation are not predictions of what will happen in the future. Rather, they are projections of what could happen. The projections depend heavily on the availability and quality of data across Europe, as well as the assumptions made in the scenarios that were presented. Important assumptions relate to the system boundaries considered, e.g. impacts inside and outside Europe due to international trade or the effects of substituting more emission-intensive materials.
The approach presented in this dissertation offers a means to assess the development of several ecosystem services in large-scale forest resource assessments. Previous assessments focused more on the (future) structure of Europe's forest resources or addressed few ecosystem services at a time, but the work presented in this dissertation focuses on multiple benefits that these resources provide to human society and how they are affected by different forest-related policies that are being considered. Results of the assessment presented here could be used as support to guide forest related policy development and implementation as they provide consistent information across Europe.
The results presented here illustrate the need for careful planning to accommodate both the need for protection of biodiversity, the expected growing demand for wood as well as the provisioning of other services by forests. Such planning requires identifying (i) where biodiversity protection should be prioritized, (ii) where wood production could be maximized, but also (iii) where both biodiversity and wood production could be combined through integrated forest management.
